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ϩ channel (ENaC); corticosteroid receptors GR (glucocorticoid receptor) and MR (mineralocorticoid receptor); GR agonist regulator 11␤-hydroxysteroid dehydrogenase (HSD) type 1 (11␤-HSD1); Na ϩ transport control components SGK1, Nedd4-2, and WNKs; and K ϩ channels and Na ϩ -K ϩ -ATPase. Expression of the MR agonist regulator 11␤-HSD2 was not detected. Dexamethasone upregulated transcripts for ␣-and ␤-subunits of ENaC (ϳ6-and ϳ3-fold), KCNK1 (ϳ3-fold), 11␤-HSD1 (ϳ2-fold), SGK1 (ϳ2-fold), and WNK4 (ϳ3-fold). Transepithelial currents from the apical to the basolateral side of Reissner's membrane were sensitive to amiloride (IC50 ϳ0.7 M) and benzamil (IC50 ϳ0.1 M), but not EIPA (IC50 ϳ34 M); amilorideblocked transepithelial current was not immediately changed by forskolin/IBMX. Currents were reduced by ouabain, lowered bath Na ϩ concentration (from 150 to 120 mM), and K ϩ channel blockers (XE-991, Ba 2ϩ , and acidification from pH 7.4 to 6.5). Dexamethasone-stimulated current and gene expression were reduced by mifepristone, but not spironolactone. These molecular, pharmacological, and functional observations are consistent with Na ϩ absorption by mouse Reissner's membrane, which is mediated by apical ENaC and/or other amiloride-sensitive channels, basolateral Na ϩ -K ϩ -ATPase, and K ϩ -permeable channels and is under the control of glucocorticoids. These results provide an understanding and a molecular definition of an important transport function of Reissner's membrane epithelium in the homeostasis of cochlear endolymph. inner ear; corticosteroids; endolymph homeostasis; gene expression; vibrating probe THE VOLUME OF THE LUMINAL compartment of the cochlea is thought to be controlled by net solute fluxes, and alterations in luminal volume have been associated with genetic and toxicological hearing disorders. The most important osmolytes in cochlear fluids and their luminal/abluminal concentrations are as follows ( (57) . Net transepithelial movement of solutes provides a driving force for an accompanying diffusive movement of water, and the cochlear epithelium is known to be highly permeable to water (51) . Reduced activity of the Na ϩ absorption mechanisms could produce an endolymphatic hydrops, whereas stimulation in Na ϩ -loaded, hydropic cochleae could provide a corrective function.
Two Na ϩ absorptive epithelial cell types have been identified in the cochlea: outer sulcus and Reissner's membrane epithelia (30, 33) . The former is mediated by constitutively open and purinergically activated nonselective cation channels and the latter by amiloride-sensitive channels in the apical membrane. In both types of cells, transepithelial transport occurs when endolymphatic Na ϩ diffuses into the cell through the apical ion channels and is subsequently removed across the basolateral membrane by the Na ϩ pump (Na ϩ -K ϩ -ATPase). K ϩ brought into the cell by the pump recycles into the abluminal fluid through basolateral K ϩ -permeable channels. The molecular identity of these transporters in Reissner's membrane is not known, although the apical entry pathway is thought to be mediated by the epithelial Na ϩ channel (ENaC) (30) , which can occur in several isoform stoichiometries (34, 35) . Na ϩ absorption mediated by amiloride-sensitive ENaCs is known in other epithelial cells to be under the control of mineralocorticoids or glucocorticoids (e.g., renal and vestibular epithelia) (27) . Glucocorticoid-regulated Na ϩ transport was recently demonstrated in rat semicircular canal epithelium of the vestibular labyrinth, where expression levels of the transport and regulatory genes were controlled by dexamethasone and other glucocorticoids (41, 42) . Although the nonselective cation channel system of the cochlear outer sulcus is also capable of absorbing Na ϩ , this relatively small epithelial domain is thought to primarily provide a parasensory shunt for K ϩ efflux (28) . Among the cochlear epithelial cells, Reissner's membrane comprises most of the luminal surface ( Fig. 1) and is thought to be primarily responsible for endolymphatic Na ϩ homeostasis.
The present study was conducted to 1) determine the molecular identities of membrane transporters and key regulatory genes in Reissner's membrane, 2) determine whether their level of expression was regulated by corticosteroids by microarray and quantitative real-time RT-PCR (qRT-PCR) analysis, and 3) obtain functional evidence for the physiological importance of these genes by electrophysiological and pharmacological means.
METHODS
Tissue samples. For each qRT-PCR experiment, 4 -10 C57BL/6 mice (4 -8 wk old) were anesthetized with 4% tribromoethanol (0.016 ml/g body wt ip) and killed by transcardial perfusion with Cl Ϫ -free solution to reduce cell swelling and the possible contamination of tissue samples by blood cells (49) . The temporal bones were removed, and Reissner's membrane (Fig. 1 ) was obtained by microdissection in Cl Ϫ -free solution. The dissection medium was changed twice during microdissection to minimize cross-contamination. The isolated Reissner's membrane was divided into two groups and incubated for 24 h in DMEM-F12 medium (Invitrogen, Carlsbad, CA) supplemented with 5% fetal bovine serum, 100 U/ml penicillin (Sigma, St. Louis, MO), and 100 g/ml streptomycin (Sigma) at 37°C in a 5% CO 2 atmosphere with saturated humidity. Each group of tissues was incubated in the presence and absence of cyclodextrin-encapsulated dexamethasone (Sigma) at 100 nM, a concentration that corresponds to the physiological and therapeutic concentration of dexamethasone (2, 6) and to the concentration that produced a peak response from semicircular canal epithelial cells (42) . Some cultures were treated with 100 nM dexamethasone in the presence and absence of the glucocorticoid receptor (GR) antagonist mifepristone (100 nM; Sigma) or the mineralocorticoid receptor (MR) antagonist spironolactone (100 nM; Sigma).
For microarray analyses, the tissue was dissected and incubated with and without 100 nM dexamethasone (see above), without the transcardial perfusion. For electrophysiological studies, C57BL/6 mice (4 -8 wk old) were anesthetized as described above and killed by decapitation under deep anesthesia. The temporal bones were removed, and the bony walls of the cochlea were peeled off. The cochleae were then incubated in a culture dish for 24 h in the medium and solutions described above. Reissner's membrane attached to the lateral wall was isolated after 24 h as described previously (30) . Reissner's membrane samples were dissected and used immediately without incubation for measurement of K ϩ channel-dependent current but incubated with dexamethasone for measurement of pH-dependent current. All procedures involving animals were approved by the Institutional Animal Care and Use Committee of Kansas State University.
RNA isolation. Total RNA was extracted from Reissner's membrane using the RNeasy Micro Kit according to the manufacturer's protocol, including the use of carrier RNA (Qiagen, Valencia, CA). Positive controls for ion channels and corticosteroid regulatory genes utilized total RNA (Ambion, Austin, TX) from mouse kidney and brain. Total RNA was extracted from mouse stria vascularis using the RNeasy Micro Kit, from mouse cochlear nerve, thyroid, and bone using the RNeasy Mini Kit (Qiagen), and from mouse blood using the Mouse RiboPure Blood RNA Isolation Kit (Ambion) according to the manufacturers' protocols for use in tests of cross-contamination of Reissner's membrane from neighboring tissues.
The quality of isolated RNA was examined in two ways. First, an Agilent Bioanalyzer 2100 with RNA 6000 Pico Assay Kits (Agilent Technology, Palo Alto, CA) was used to determine the quality and approximate quantity of total RNA as described previously (58) . Isolated RNA showed good quality and minimal degradation on the electropherogram ( Fig. 2A) . Second, possible cross-contamination of isolated Reissner's membrane from neighboring tissues was examined by qRT-PCR. Possible cross-contamination of Reissner's membrane from the rupture of neighboring cells during dissection was determined by an evaluation of genes that are thought to be tissue specific and are known to be expressed in adjacent tissues. The selected genes were tyrosinase, prestin, synaptophysin, osteocalcin, and T cell receptor-␣, which are expressed in stria vascularis (21) , organ of Corti (outer hair cells) (21) , cochlear nerve (16), bone (31) , and blood T cell (21), respectively (Table 1) .
qRT-PCR of isolated Reissner's membrane RNA showed that the transcript expressions of genes known to be expressed in the neighboring tissues were not detected or were very low (Table 2) . Transcript expression of tyrosinase was not detected in Reissner's membrane, and transcript expressions of prestin, synaptophysin (in the presence of dexamethasone), osteocalcin, and T cell receptor-␣ in Reissner's membrane was Ͻ0.5% of their respective positive controls, and transcript expression of synaptophysin in Reissner's membrane incubated without dexamethasone (control) was Ͻ1.5% of its positive control. In these experiments, the cycle threshold (Ct) values of 18S rRNA for positive controls were 12.6 -20.1; the total RNA in each reaction was 0.5-10 ng, within the linear range of the assay. Also, in the microarray, none of the genes was found in Reissner's membrane except synpatophysin, which was detected by one of two probe sets in each of six chips. Taken together, isolated RNA was of good quality, and little contamination from neighboring tissues was detected.
Microarray analysis. Affymetrix microarrays were used to examine the expression of ion channels, transporters, and corticosteroid regulatory genes involved in the corticosteroid-stimulated Na ϩ transport pathway. K ϩ channel candidates were selected from the microarray data for subsequent qRT-PCR analyses.
Tissue was obtained as described above. Reissner's membrane was acutely isolated from four mice to obtain sufficient RNA for the gene microarray process and to minimize interanimal variation. One RNA sample was obtained from Reissner's membrane acutely isolated, and two RNA samples were extracted from Reissner's membrane incubated for 24 h in the presence or absence of dexamethasone (100 nM). The pooled samples were used to hybridize three gene array chips (mouse 430 2.0 gene chip, Affymetrix, Santa Clara, CA) for each pooled sample. Isolated RNA was evaluated for quality, concentrated, Scala media is bounded by ϳ12 epithelial cell types; apical surface is indicated by dashed line. Endolymph of scala media is high in K ϩ (ϳ160 mM) and low in Na ϩ (ϳ1 mM); abluminal perilymph is low in K ϩ (ϳ4 mM) and high in Na ϩ (ϳ150 mM). Stria vascularis (StV) generates a lumen-positive voltage of about ϩ80 to ϩ100 mV with respect to perilymph. Reissner's membrane is composed of 2 cell layers: a discontinuous layer of mesothelial cells lies beneath the epithelial cells and faces the scala vestibuli. OC, organ of Corti; SL, spiral ligament; Slim, spiral limbus; CN, cochlear nerve; OS, outer sulcus; IS, inner sulcus. and frozen for shipment to the Biotechnology Support Facility at the University of Kansas Medical Center.
Sample processing for RNA amplification, cDNA synthesis, labeling, and hybridization were carried out using the Affymetrix Small Sample Labeling Protocol vII and Hybridization Protocol utilized by the University of Kansas Medical Center microarray facility (http:// www2.kumc.edu/siddrc/microarray/protocols.html). This information on the methodology conforms to the Minimum Information about a Microarray Experiment guidelines (http://www.mged.org/Workgroups/MIAME/Miame.html), and details are deposited with the data in Gene Expression Omnibus (accession no. GSE6196). The quality metrics for the six gene chips were as follows: 56.6 Ϯ 3.7 (SD) background, 2.9 Ϯ 0.2 (SD) noise, and 2.32 RawQ 1.8 and scaling factor.
Signal intensities were quantified by pixel intensity, and expression signals were analyzed using Affymetrix Data Acquisition Software Gene Chip Operating Software 1.4. Statistical algorithms [detection, change call, and signal log ratio (SLR)] were then used to identify differential gene expression in control and experimental samples. Probe sets were assigned as present, absent, or marginal on the basis of detection P values (P Ͻ 0.05 for present, P ϭ 0.05-0.065 for marginal, and P Ͼ 0.065 for absent). Additional analysis was conducted if and only if two of three samples in the control or dexamethasone-treated groups were called present. Pair-wise comparisons between individual dexamethasone-treated and control arrays were made to subsequently generate a median SLR value for each transcript. Student's t-test was performed between the SLR values to determine the significance of changes in expression of these genes (significant for P Ͻ 0.05). Fold change was calculated from the median of the SLR values and only considered physiologically significant when the fold change was Ն1.5. This analysis by SLR accounts for the differences in individual hybridization efficiencies at the individual probe pair level.
qRT-PCR. qRT-PCR was used to test the changes in expression that were suggested by the microarray analysis for selected genes. qRT-PCR was performed on total RNA using 0.2ϫ SYBR Green I (Molecular Probes), a One Step RT-PCR kit (Qiagen), and an iCycler iQ thermocycler (Bio-Rad, Hercules, CA). Transcripts of 18S rRNA and target genes were amplified using gene-specific primers (Table 1) . RT was performed for 30 min at 50°C and 15 min at 95°C, and PCR consisted of 40 cycles of 1 min at 95°C, 1 min at 60°C, and 1 min at 72°C. PCR was followed by a melt at 60 -95°C. Sample fluorescence was read at 78°C (3-5°C below the melting temperature peak of each specific cDNA) to exclude contributions from nonspecific sources such as primer dimers. To exclude the possibility of genomic DNA and nonspecific RNA amplification during RT-PCR, no-template controls were performed and accepted when the C t value was at least nine cycles greater than the template run. Measurements were performed in duplicate and accepted if the difference of C t value between the duplicates was Ͻ1. The generation of a single product of appropriate size was routinely checked by the presence of a single melt peak and by agarose gel electrophoresis. PCR products were then purified by a PCR purification kit (Qiagen), and purified PCR products were sequenced to verify the identity of the RT-PCR product. The specific gene expression was normalized to the level of 18S rRNA in each sample as described previously (58) , with the fidelity of each PCR taken into account. In the absence of information on the efficiency of the RT step, no conclusions were drawn about relative gene expression levels among different genes.
Transepithelial current. Transepithelial current under short-circuit condition was measured as described elsewhere with a vibrating probe, a technique well suited to the small dimensions of isolated Reissner's membrane (30) . Briefly, the tissue was mounted in a perfusion chamber on the stage of an inverted microscope (model TE-300, Nikon, Tokyo, Japan) and continuously perfused at 37°C with an exchange rate of 1.1 times/s. The electrode tip of the probe was vibrated at 400 -700 Hz by piezoelectric bimorph elements (Applicable Electronics, Forestdale, MA) and positioned 4 Ϯ 2 m from the apical surface of Reissner's membrane. The probe was positioned where the current density showed a maximum in the direction perpendicular to the tissue. The current decreased as the probe was moved away from the tissue, with nearly no current detected 400 m (reference position) away from the tissue (Fig. 2B) . A platinum-black electrode served as reference in the bath chamber. The signals from the phase-sensitive detectors were digitized (16 bit) at a rate of 0.5 Hz. The output was expressed as current density at the electrode and plotted with Origin software (version 7.0, Origin Lab Software, Northampton, MA). Current density from the suprastrial spiral ligament after removal of Reissner's membrane was not detected (data not shown); therefore, it did not contribute to the current density measured from Reissner's membrane. The output from the vibrating probe depends not only on the specific short-circuit current of the epithelium but also on the position of the probe relative to the surface of the tissue and the exact geometry of the tissue. The current density reported here refers to that at the position of the probe and represents only a fraction of the current crossing the epithelium.
Solutions and materials. In all electrophysiological experiments, both sides of the epithelium were perfused with a perilymph-like physiological saline solution containing (in mM) 150 NaCl, 3.6 KCl, 1 MgCl 2, 0.7 CaCl2, 5 glucose, and 10 HEPES (pH 7.4). Amiloride, benzamil, EIPA, forskolin, IBMX, ouabain, bumetanide, glibenclamide, clotrimazole, iberiotoxin, mifepristone, and spironolactone were purchased from Sigma and dissolved in DMSO (Sigma), which was then diluted to Ͻ0.1% DMSO in the physiological saline solution before application. DMSO at this concentration had no effect on current density or transcript expression (41) . Dexamethasone (Sigma), tetraethylammonium (TEA)-Cl (Sigma), 4-aminopyridine (4-AP; Sigma), apamin (Sigma), BaCl 2 dihydrate (Fluka), and XE-991 (Tocris, Ellisville, MO) were directly dissolved in physiological saline solution just before use. TEA-Cl was substituted on an equimolar basis for NaCl, and current density was corrected for the 4.5% increase in the resistivity of the solution. The effect of TEA-Cl (30 mM) was compared with that of equimolar N-methyl-D-glucamine (NMDG)-Cl to control for any effect of the reduced Na ϩ concentration ([Na ϩ ]). The current density measured with NMDG-Cl was corrected for the 6.8% increase in the resisitivity of the solution. For pH 6.5 physiological saline solution, MES buffer was substituted on an equimolar basis for HEPES buffer, and pH was adjusted to 6.5.
Data analysis.
Values are means Ϯ SE from n observations. Significance of current density changes between the control and individual experimental conditions was calculated with the paired t-test. Significance among the control, dexamethasone-treated, dexamethasone ϩ mifepristone-treated, and dexamethasone ϩ spironolactone-treated groups was calculated with one-way ANOVA and HolmSidak post tests. Differences were considered significant for P Ͻ 0.05. Concentration dependence of the effects was analyzed using the Hill equation:
where Imax is current in the presence of saturating concentration of drug, IC 50 is the concentration that produces a half-maximal effect, C is the concentration of drug, h is the Hill coefficient, and I offset is the residual current during maximal inhibition by the drug. Data were fitted for each experiment separately, and then means Ϯ SE were calculated.
RESULTS

Microarray analysis of Na
ϩ transport pathway-related genes. Gene microarrays were used to identify the presence or absence of transcripts that may be related to glucocorticoidstimulated Na ϩ transport in Reissner's membrane and to compare gene expression differences between control and dexamethasone-treated groups. Table 3 shows mouse gene nomen- 
18SrRNA, 18S rRNA; Tyr, tyrosinase; Slc26a5, prestin; Syp, synaptophysin; Bglap, bone ␥-carboxyglutamate protein (osteocalcin); Tcra, T cell receptor-␣; Scnn1a, b, and g, Na ϩ channel, nonvoltage-gated, type I, ␣, ␤, and ␥ (epithelial Na ϩ channel ␣, ␤, and ␥); Cftr, CFTR; Atp1a, ATPase, Na ϩ -K ϩ transporting, ␣-polypeptide; Atp1b, ATPase, Na ϩ /K ϩ transporting, ␤-polypeptide; Hsd11b, 11␤-hydroxysteroid dehydrogenase; Nr3c1, nuclear receptor subfamily 3, group C, member 1 (glucocorticoid receptor); Nr3c2, nuclear receptor subfamily 3, group C, member 2 (mineralocorticoid receptor); Sgk1, serum-and glucocorticoidregulated kinase; Nedd4l, neural precursor cell-expressed developmentally downregulated 4-2; Prkwnk, protein kinase, lysine deficient (with no lysine kinase).
clature and common protein name of the selected ion channels, transporters, and corticosteroid regulatory genes that are related to ENaC-mediated Na ϩ transport in the microarrays. For ion channels and transporters, transcripts of ␣-, ␤-, ␥-subunits of ENaC, ␣ 1,2 -and ␤ 1,2,3 -isoforms of Na
Ϫ cotransporter (NKCC) type 1, and nine K ϩ channels (KCNJ10, KCNK1, KCNK2, KCNK5, KCNB1, KCNC3, KCNQ1, KCNQ3, and KCNE2) were present, but ␣ 3,4 -isoforms of Na ϩ -K ϩ -ATPase and CFTR were not present, and KCNB1 was present only after dexamethasone exposure. Transcripts for ␣-and ␥-subunits of ENaC, KCNJ10, KCNK1, and KCNQ3 were upregulated by 3-, 1.5-, 1.9-, 2.0-, and 1.5-fold after dexamethasone exposure, respectively. For corticosteroid regulatory genes, transcripts for GR, serum-and glucocorticoid-regulated kinase (SGK), neural precursor cell-expressed developmentally downregulated (Nedd) 4-2, with no lysine kinase (WNK) 1, and WNK4 were present, and WNK4 was upregulated by fourfold after dexamethasone exposure. Transcripts of 11␤-HSD1 were present only in one of three chips in each condition, and transcripts of 11␤-HSD2 and WNK3 were absent in all six chips. Probes for MR and WNK2 were not included in the microarray, so we examined the transcript expression and changes of those genes by qRT-PCR (Table 3) .
Amiloride-sensitive current from Reissner's membrane. The amiloride-sensitive current density was greater after 24 h of incubation of Reissner's membrane with dexamethasone (100 nM): Ϫ14.4 Ϯ 0.7 and Ϫ24.1 Ϯ 1.6 A/cm 2 without and with dexamethasone, respectively (n ϭ 10; Fig. 3 , C and D, and Fig. 4A ). In control and dexamethasone-treated tissues, perfusion of amiloride and its analogs (benzamil and EIPA) decreased the current density in a dose-dependent manner, with potency order as follows: benzamil Ͼ amiloride ϾϾ EIPA. The concentration-response curves were fitted with the Hill equation (Fig. 3, A and B, Table 4) . IC 50 ϳ0.7 M for amiloride was not changed by dexamethasone, and the Hill coefficient remained ϳ1. The fit of EIPA inhibition to the Hill equation was not well defined but clearly showed a low sensitivity of the currents to this drug. The benzamil data suggested a small amilorideinsensitive residual current at high drug concentration. Fits to the Hill equation were made by forcing the fit with no residual (dashed lines in Fig. 3, A and B) or allowing a residual current at high concentrations (solid lines in Fig. 3, A and B) ; there were no appreciable differences between the Hill parameters (Table 4) .
Test for cAMP-mediated current from Reissner's membrane. Evidence was sought for anion currents under control of cAMP. Reissner's membrane was superfused with forskolin Values are means Ϯ SE. Cross-contamination was determined by evaluation of genes that are known to be expressed in neighboring tissues that were potential sources of contamination. Tyrosinase, prestin, synaptophysin, osteocalcin, and T cell receptor-␣ are expressed in stria vascularis, organ of Corti (outer hair cell), cochlear nerve, bone, and blood T cells, respectively. Each transcript was normalized to 18S rRNA in each sample. rER, relative expression ratio; normalized expression level of each gene in Reissner's membrane was divided by normalized expression level in control tissue. Cycle threshold values of 18S rRNA were 12.6 -20.1; total RNA in each reaction was 0.5-10 ng. 
Call, gene detected as present (P) or absent (A); Fold change, change in expression of each gene due to exposure to dexamethasone as assayed by gene microarray and quantitative real-time RT-PCR (qRT-PCR). Cut-off value for fold change was 1.5 for up-or downregulated genes. Values in parentheses are fold changes: ϩ, upregulated; Ϫ, downregulated; NC, no change. *Transcripts present only after dexamethasone exposure. †Transcripts were present only in 1 of 3 gene chips in each condition. ENaC, epithelial Na ϩ channel; MiRP, MinK-related peptides; NKCC, Na ϩ -K ϩ -2Cl Ϫ cotransporter; 11␤-HSD, 11␤-hydroxysteroid dehydrogenase; GR, glucocorticoid receptor; MR, mineralocorticoid receptor; PGR, progesterone receptor. NT, not tested; NI, not included on microarray chip.
(10 M), an agonist for adenylyl cyclase, and IBMX (125 M), an inhibitor of phosphodiesterase, in the continued presence of apical amiloride (10 M) to elevate cytosolic cAMP levels in the absence of interfering Na ϩ currents. Superfusion of forskolin/IBMX did not cause a significant change of current in the absence of dexamethasone ( Fig. 3C ; from Ϫ6.0 Ϯ 2.6 to Ϫ5.6 Ϯ 2.5 A/cm 2 , n ϭ 3) or the presence of dexamethasone ( Fig. 3D ; from Ϫ5.8 Ϯ 1.6 to Ϫ5.7 Ϯ 2.2 A/cm 2 , n ϭ 3). The only molecularly identified Cl Ϫ channel that is stimulated by cAMP via protein kinase A is CFTR. Transcripts for CFTR were absent in the gene array (Table 3 ) and in qRT-PCR experiments in which thyroid RNA was used as a positive control (Fig. 3E ). There is therefore no evidence for cAMP-stimulated anion currents in mouse Reissner's membrane. Dexamethasone increased current density and transcript expression. We investigated whether dexamethasone regulates currents by genomic and/or nongenomic action, which are characterized by slow (hours) and rapid (seconds to minutes) onset, respectively. First, we checked for genomic effects of dexamethasone by observing current density after 2, 4, 12, and 24 h of exposure to dexamethasone (Fig. 4A) . Dexamethasone (100 nM) increased current density significantly at 12 h (Ϫ12.4 Ϯ 2.0 and Ϫ19.5 Ϯ 2.3 A/cm 2 without and with dexamethasone, respectively, n ϭ 3) and increased current density further by 24 h (Ϫ14.4 Ϯ 0.7 and Ϫ24.13 Ϯ 1.6 A/cm 2 without and with dexamethasone, respectively, n ϭ 10; Fig. 4A ). Therefore, 24-h exposures were used in this study. Second, possible nongenomic effects, which take place within seconds to minutes, were investigated. Superperfusion of the nonincubated freshly prepared tissue for 3 min with dexamethasone did not change current density (from Ϫ14.6 Ϯ 3.2 to Ϫ14.2 Ϯ 3.7 A/cm 2 , n ϭ 4; Fig. 4B ). These data indicate that stimulation of current density by dexamethasone is consistent with its genomic action.
We investigated whether transcripts for each subunit of ENaC are expressed and regulated by dexamethasone. All three subunits were present (gene microarray), and the transcript expression (qRT-PCR) of the ␣-and ␤-subunits was upregulated by approximately six-and threefold, respectively, whereas the ␥-subunit was not significantly changed after dexamethasone application (Fig. 4C) . . E: agarose gel electrophoresis of gene-specific PCR products for 18S rRNA, CFTR, and Na ϩ -K ϩ -ATPase ␣1-subunit from thyroid (Thy; positive control) and Reissner's membrane. Thyroid template RNA amounts were 10 ng (10), 1 ng (1), and 0.1 ng (0.1). Transcripts for 18S rRNA and Na ϩ -K ϩ -ATPase ␣1-subunit were expressed in thyroid and Reissner's membrane, whereas transcripts for CFTR were only expressed in 10 and 1 ng thyroid. Bands in Reissner's membrane CFTR are from primer dimers formed in the absence of target template.
Contributions of Na
ϩ -K ϩ -ATPase and NKCC to current density. We investigated whether an ouabain-sensitive Na ϩ -K ϩ -ATPase and a bumetanide-sensitive NKCC could be involved in dexamethasone-mediated Na ϩ absorption. Application of ouabain (1 mM) for 3 min caused a decrease of current density in Reissner's membrane exposed to 100 nM dexamethasone (from Ϫ30.5 Ϯ 2.1 to Ϫ11.7 Ϯ 0.9 A/cm 2 , n ϭ 4; Fig. 5A ), whereas 3 min of exposure to bumetanide (10 M) caused no change (from Ϫ30.2 Ϯ 1.1 to Ϫ27.2 Ϯ 2.8 A/cm 2 , n ϭ 3; Fig. 5B ). These results demonstrate the involvement of Na ϩ -K ϩ -ATPase, but not NKCC, in dexamethasonestimulated Na ϩ transport. Transcripts for ␣ 1 -, ␣ 2 -, ␤ 1 -, ␤ 2 -, and ␤ 3 -isoforms of Na ϩ -K ϩ -ATPase are expressed, and none of the transcripts were altered significantly by Ͼ1.5-fold after dexamethasone incubation (Fig. 5C) . Transcripts for NKCC1 were present but were not altered by dexamethasone (gene microarray), whereas NKCC2 was absent; these results were not verified by qRT-PCR.
Regulation of K ϩ channel transcript expression and effects of K
ϩ channel blockers on current density. KCNJ10, KCNQ1, KCNQ3, KCNE2, KCNB1, KCNC3, KCNK1, KCNK2, and KCNK5 were selected as candidates of K ϩ channels that were identified as present in the microarray data (Table 3) . We investigated whether transcripts for these channels are expressed and whether their levels are changed by dexamethasone. Transcripts of all the candidate genes except KCNC3 were detected by qRT-PCR (Fig. 6A) . Transcripts for KCNK1 were upregulated by 2.6-fold and transcripts for KCNK2 were downregulated by 3.7-fold after dexamethasone exposure.
A functional investigation of K ϩ channels was also performed using electrophysiological and pharmacological methods. We used Ba 2ϩ (100 nM-1 mM), TEA (30 mM), XE-991 (100 M), and pH 6.5 as blockers for candidate K ϩ channels: Ba 2ϩ blocks KCNJ10 (18) and KCNK2 (40); TEA blocks KCNB1 (53), KCNC3 (55) , and KCNQ3 (17); XE-991 blocks KCNQ1 and KCNQ3 (38) ; and pH 6.5 inhibits homomeric KCNQ1 (20) , KCNK1 (43) , and KCNK5 (37) . Ba 2ϩ , TEA, and XE-991 were applied to nonincubated acutely isolated Reissner's membrane. Tissues incubated in the presence of dexamethasone were exposed to a change in bath pH (from 7.4 to 6.5), since the only candidate K ϩ channel upregulated by dexamethasone was KCNK1, a channel inhibited by acidic extracellular pH.
All these inhibitors except TEA decreased the current density significantly but did not fully block the current. Application of Ba 2ϩ (Fig. 6B) decreased the current over the concentration range 0.1 M-1 mM (decreased by 30.9 Ϯ 8.1% at 1 mM, n ϭ 5). XE-991 (Fig. 6C ) decreased the current density Values are means Ϯ SE (n ϭ 5 for each drug). IC50, concentration required to produce half-maximal current density inhibition. Cont, control incubation without dexamethasone; Dex, incubation with dexamethasone. *IC50 from fit to Hill equation with residual current during maximal inhibition by drug (Ioffset) ϭ 0. Fig. 6D) decreased by 34.7 Ϯ 9.8% the current density in Reissner's membrane exposed to dexamethasone (from Ϫ20.1 Ϯ 1.2 to Ϫ13.1 Ϯ 2.4 A/cm 2 , n ϭ 4). Substitution of 30 mM NMDG-Cl for NaCl (Fig. 6E) (44) . Substitution of 30 mM TEA-Cl for NaCl led to the same decrease of the current density (from Ϫ24.6 Ϯ 5.1 to Ϫ8.0 Ϯ 4.5 A/cm 2 , 75.7 Ϯ 10.1%). Other K ϩ channel blockers [4-AP (1 mM, n ϭ 5), glibenclamide (10 M, n ϭ 5), clotrimazole (10 M, n ϭ 4), iberiotoxin (100 nM, n ϭ 3), and apamin (100 nM, n ϭ 4)] were used for screening of other K ϩ channels besides the candidate channels; however, they had no significant effect on the current density from Reissner's membrane.
Dexamethasone dependence of corticosteroid regulatory genes. 11␤-HSD1, which regulates the intracellular concentration of active glucocorticoids in corticosteroid-responsive target tissues, was upregulated by approximately twofold after dexamethasone exposure (Fig. 7A) . However, mRNA for 11␤-HSD2, which converts active glucocorticoids to an inactive form to increase mineralocorticoid activity, was not expressed in the control or the dexamethasone-treated tissues (Fig. 7A) . The transcripts of GR and MR were expressed. Neither of the transcripts was altered after dexamethasone exposure (Fig.  7B) . The transcripts of SGK1 were upregulated by approximately twofold after dexamethasone exposure, whereas the transcripts of Nedd4-2 were not altered (Fig. 7C) . The transcripts of all WNK isoforms were detected, and WNK4 was upregulated by approximately threefold after dexamethasone exposure (Fig. 7D) . Taken together, 11␤-HSD1, SGK1, and WNK4 are likely involved in the dexamethasone-stimulated Na ϩ transport pathway.
Dexamethasone acts at GR to regulate current density and transcript expression. We investigated whether the current density and transcriptional changes in response to dexamethasone are via GR or MR, because GR and MR transcripts were expressed in Reissner's membrane and because these receptors and their agonists are promiscuous. The GR antagonist mifepristone (100 nM) significantly reduced the current density of dexamethasone-treated Reissner's membrane, whereas the MR antagonist spironolactone (100 nM) had no significant effect (Ϫ12.6 Ϯ 2.0, Ϫ26.9 Ϯ 5.4, Ϫ13.5 Ϯ 1.4, and Ϫ22.4 Ϯ 3.4 A/cm 2 for control, dexamethasone, dexamethasone ϩ mifepristone, and dexamethasone ϩ spironolactone, respectively, n ϭ 6; Fig. 8A ). In addition, dexamethasone-stimulated transcript expression of ␣-ENaC was significantly inhibited by mifepristone, but not spironolactone (Fig. 8B) . Mifepristone is also known to be an antagonist of the progesterone receptor; however, the microarray data showed an absent detection call for progesterone receptor in Reissner's membrane (Table 3) . These findings suggest that dexamethasone acts selectively at GR to exert changes in current density and gene expression.
DISCUSSION
The present study was conducted to 1) determine the molecular identities of membrane transporters and key regulatory genes in Reissner's membrane, 2) determine whether their level of expression was regulated by corticosteroids using microarray and qRT-PCR, and 3) obtain functional evidence for the physiological importance of these genes by electrophysiological and pharmacological means. We have shown in this Fig. 5 . Dependence of dexamethasone-stimulated current density on Na ϩ -K ϩ -ATPase and regulation of Na ϩ -K ϩ -ATPase expression. A: decrease in dexamethasone (100 nM for 24 h)-stimulated current density by Na ϩ -K ϩ -ATPase blocker ouabain (Oua, 1 mM). Values are means Ϯ SE (n ϭ 4). *P Ͻ 0.05, before vs. after 2.5-min ouabain application. B: change in dexamethasonestimulated current density by Na ϩ -K ϩ -2Cl Ϫ cotransporter blocker bumetanide (Bumet, 10 M). Values are means Ϯ SE (n ϭ 3). C: qRT-PCR evaluation of transcript expression of subunits of Na ϩ -K ϩ -ATPase in the absence and presence of dexamethasone. Transcripts were quantified relative to 18S rRNA in Reissner's membrane. Values are means Ϯ SE (n ϭ 5). ND, no detectable transcript expression; NS, not significant (i.e., Ͻ1.5-fold difference between absence and presence of dexamethasone). study that mouse Reissner's membrane absorbs Na ϩ from the cochlear lumen by electrogenic transepithelial transport, which is apparently mediated by apical ENaC, basolateral Na ϩ -K ϩ -ATPase, and basolateral K ϩ channels. The localization of these transporters was not investigated directly, but the expression of genes for all these transporters, the apical-to-basolateral direction of transepithelial current, the signal sequence on ENaC that directs it to the apical membrane (47) , and the nearly complete blockade of transepithelial current by benzamil are consistent with this interpretation.
The rate of transport was found to be regulated by glucocorticoids through the GR, and the molecular identities of the transporters and regulatory genes were determined. The molecular evidence correlated with the functional electrophysiological and pharmacological results. The rate of Na ϩ absorption by the cochlear duct under normal conditions is slow (ϳ1%) compared with the rate of secretion of K ϩ (25), the ion species that carries the transduction current. The cochlear duct is therefore likely very resistant to Na ϩ leakage, requiring only a low absorption rate to maintain the low Na ϩ concentration. A low absorption rate is also consistent with the lack of direct vascular supply to Reissner's membrane, whereas the K ϩ secretory tissue, stria vascularis, is so named for its dense vasculature. Nonetheless, a pathological elevation of luminal [Na ϩ ] would be expected to load the sensory hair cells with Na ϩ through the nonselective cation transduction channels, leading to swelling, dysfunction, and deafness. Therefore, if the ion transport through the relatively large surface area of Reissner's membrane can be enhanced or inhibited by change of glucocorticoid levels, it could be a site of important therapeutic control for pathological symptoms related to endolymphatic hydrops as well as a physiological homeostatic mechanism.
There are unconfirmed reports of elevated endolymphatic [Na ϩ ] in an animal model of endolymphatic hydrops (36, 48) , although whether this occurs in cases of Meniere's disease is not known. Nonetheless, in view of the extremely low [Na ϩ ] of endolymph, even a slightly increased leak would lead to sufficient excess Na ϩ in the lumen of the inner ear to draw significant quantities of water in and, thereby, lead to hydrops. The multiplicity of subunits and genes for Na ϩ -K ϩ -ATPase and K ϩ channels is perhaps surprising but may reflect different requirements for function under various conditions. Primary cultures of semicircular canal epithelial cells ostensibly of a single cell type also expressed a multiplicity of genes involved in amiloride-sensitive transport (41) . Alternatively, the multiplicity of genes in Reissner's membrane may partially reflect expression of some of these genes in the sparse mesothelial cells underlying the epithelial cell layer.
Glucocorticoids were previously reported to regulate ion homeostasis of inner ear fluids via genomic and nongenomic pathways in semicircular canal and stria vascularis (29, 41, 42) . The involvement of a genomic pathway in Reissner's membrane epithelium shows that the cochlear and vestibular organs are controlled by glucocorticoids, with Reissner's membrane being a cochlear homolog of the vestibular semicircular canal in this respect.
Amiloride-sensitive channels. The direction of current measured from the apical side of Reissner's membrane could be accounted for by cation absorption and/or anion secretion. However, only a cation-absorptive function was found in gerbil Reissner's membrane, even though strong adenylyl cyclase activity had been detected and earlier thought to stimulate Cl Ϫ secretion in Reissner's membrane (30) . Results from the present study showed that the majority of current was decreased by amiloride analogs, where the order of potency was benzamil (ϳ10 times higher than amiloride) Ͼ amiloride ϾϾ EIPA, and there was no immediate response of current to forskolin/IBMX after Na ϩ absorption was blocked with amiloride. Furthermore, there was no change in current when genistein (30 M, 3 min), a stimulator of cAMP-dependent Cl Ϫ currents via CFTR, was applied in the presence of 10 M amiloride (data not shown). Transcripts for ␣-, ␤-, and ␥-subunits of ENaC were detected in the microarray and qRT-PCR, whereas transcript for CFTR was not detected. These data suggest that the transepithelial current of mouse Reissner's membrane is primarily from Na ϩ absorption via ENaC, not cAMP-dependent Cl Ϫ secretion, findings similar to those from the gerbil. Nonetheless, Reissner's membrane may contain a significant Cl Ϫ conductive pathway, since whole cell reversal voltages were reported to be about Ϫ20 mV under presumptive physiological conditions (23) and transcripts for several anion transporters were reported by our gene microarray (data not shown). On the other hand, benzamil blockade of current left a small residual current (approximately Ϫ2 and approximately Ϫ1 A/cm 2 in control and dexamethasone-treated tissue, respectively), suggesting that other cation-absorbing or anionsecreting transporters may be coupled to transepithelial current.
The question of subunit composition of ENaC in Reissner's membrane is raised by the observation that the IC 50 values of amiloride and benzamil were about 1 decade higher in Reissner's membrane than found for ␣␤␥-ENaC. The potencies in Reissner's membrane are consistent with ␣␤-ENaC [IC 50 ϳ1-4 M expressed in Xenopus oocytes (14, 34, 60) ] but would also allow for an additional minor population of ␣␤␥-ENaC, especially after incubation. Alternatively, the IC 50 may be influenced by intracellular regulatory pathways, since it was reported that the IC 50 of amiloride on Xenopus oocytes expressing rat ␣␤␥-ENaC was increased over twofold by coexpression with hSGK, a kinase known to regulate ENaC (5) .
It is conceivable that other amiloride-sensitive channels are also expressed in Reissner's membrane, such as cyclic nucleotide gated cation channels [amiloride IC 50 ϳ100 times that of ␣␤␥-ENaC (13)] or heteromeric assembly of acid-sensitive ion channel subunits (ASICs) and ENaC, which increases the IC 50 of amiloride when expressed in Xenopus oocytes (35) . However, the participation of ASIC subunits in Reissner's membrane transepithelial transport is not likely, since ASICs are mostly inactive at the pH in our experiments and pH 6.5 led to a decrease in current, rather than the increase expected from acid-stimulated channels. Indeed, it was recently reported that H441 human lung epithelial cells contain ENaC and a nonselective cation channel of unknown molecular identity (but not cyclic nucleotide gated), both of which are sensitive to amiloride (1). The transepithelial current in those cells was sensitive to amiloride with an IC 50 ϳ0.6 M, nearly identical to that in Reissner's membrane. Homomeric ␣-ENaC is amiloride sensitive and also thought to form nonselective cation channels (22, 24) .
The transepithelial current from Reissner's membrane increased via genomic, but not nongenomic, action of dexamethasone, as determined by the long time scale (29) . Dexamethasone increased the expression of transcripts for the ␣-and ␤-subunits of ENaC and without any change in the IC 50 values for amiloride and benzamil, consistent with the notion that the active channel is composed of these two subunits and that additional channels are not involved in carrying the amiloridesensitive currents in the presence or absence of glucocorticoid. The lack of regulation of ␥-ENaC transcript expression by dexamethasone is consistent with reports of noncoordinate regulation of ENaC subunits in other cells and tissues at the mRNA and protein levels (8) . The increased current in Reissner's membrane after exposure to dexamethasone was likely the result of increased expression of ENaC protein in the apical membrane of the epithelial cells due to increased insertion and reduced retrieval. Increased insertion would be indicated by the elevated transcript expression, whereas reduced retrieval would occur through the SGK1 signal pathway (52) , which was also activated in Reissner's membrane.
The driving force for Na ϩ absorption in gerbil Reissner's membrane was reported to be generated by the basolateral Na ϩ -K ϩ -ATPase in conjunction with a basolateral K ϩ channel (30) . This was also found in the present study to occur in mouse Reissner's membrane from corroborative qRT-PCR and electrophysiological data. Dexamethasone-stimulated current was decreased by ouabain, an Na ϩ -K ϩ -ATPase blocker, but not by bumetanide, an NKCC blocker, demonstrating that dexamethasone-stimulated Na ϩ transport is dependent on Na
Since transcripts of NKCC1 were detected on the microarray, it is likely that NKCC1 is located in the mesothelial cells of Reissner's membrane or is only activated under other conditions, such as hypertonic challenge (4) .
Transcripts for ␣ 1 -, ␣ 2 -, ␤ 1 -, ␤ 2 -, and ␤ 3 -isoforms of Na ϩ -K ϩ -ATPase were detected, but none were upregulated as measured with the microarray and qRT-PCR. Dexamethasone was reported to upregulate transcript expression of the ␤ 1 -subunit of Na ϩ -K ϩ -ATPase in rat lung and alveolar epithelial cells at 3 and 8 h, respectively, which then decreased until 48 h (10, 19) . We incubated Reissner's membrane for 24 h; it is conceivable that transcripts of Na ϩ -K ϩ -ATPase might have peaked earlier and decreased at our time of collection, so that upregulation of Na ϩ -K ϩ -ATPase would not be detected. However, ␣ 1 -and ␤ 1 -subunits in INS-1 cells and ␤ 2 -subunit in semicircular duct epithelial cells were upregulated or remained upregulated as late as 24 h (41, 54) , and the time course of glucocorticoid-stimulated Na ϩ -K ϩ -ATPase regulation may vary with tissue and cell types. K ϩ channels. K ϩ -permeable channels are needed in the basolateral membrane of Na ϩ -absorbing epithelia to recycle K ϩ brought into the cell by the Na ϩ -K ϩ -ATPase; the molecular identity of K ϩ channel(s) in mouse Reissner's membrane is likely different from that in the gerbil, since the pharmacological sensitivities differ (30) . We selected nine K ϩ channels as candidates for electrophysiological and qRT-PCR study on the basis of the microarray data. The Ba 2ϩ -, quinine-, and 4-AP-sensitive Kv1.5 K ϩ channels (KCNA5) were pharmacologically identified in Reissner's membrane of the gerbil (30), but not the mouse (Table 3) . Our results point to the participation of multiple K ϩ channels in the establishment of the cellular K ϩ conductance. The most significant K ϩ channel in glucocorticoid-stimulated transepithelial Na ϩ transport by mouse Reissner's membrane is likely to be KCNK1, since it is the only upregulated K ϩ channel after dexamethasone exposure and is sensitive to low pH. The low pH was not likely a direct effect on ENaC, since ␣␤-ENaC activity is not significantly decreased until pH values much lower than that tested here (60) . However, none of the K ϩ channel blockers applied in this study fully decreased the current from Reissner's membrane. The findings that none of the K ϩ channel inhibitors fully decreased the current density may point to a nonselective cation channel in the basolateral membrane through which K ϩ recycled. Glucocorticoid regulation of Na ϩ transport via regulatory genes. Na ϩ transport is regulated through control of corticosteroid receptor agonist levels (via 11␤-HSD1/2) and the numbers of ENaC channels inserted in the apical membrane by control of membrane traffic and protein degradation (via the kinases WNK, SGK, and ubiquitin ligase Nedd4-2) (7, 26, 50) .
The transcripts for 11␤-HSD1, but not 11␤-HSD2, were found in Reissner's membrane in the present study and upregulated by dexamethasone, which supports the conclusion that Reissner's membrane is a glucocorticoid-selective responsive tissue. Substitution of 9␣-fluor in synthetic glucocorticoids, such as dexamethasone, was reported to increase chemical reduction of glucocorticoids by 11␤-HSD1 in glucocorticoid-selective responsive tissue (11) . In addition, transcripts of 11␤-HSD1 were reported to be increased in rat hippocampus tissue (32) and human osteoblast (9) by dexamethasone, and dexamethasone increased transcriptional activity of the 11␤-HSD1 site in 2S FAZA cells (56) .
Additional results support the conclusion that Na ϩ absorption in Reissner's membrane is stimulated by glucocorticoid activation of GR, and not MR. First, dexamethasone increased current density and transcript expression of ENaC via the GR, SGK1, and Nedd4-2 pathway in Reissner's membrane, as also observed in vestibular semicircular canal epithelial cells (41) . Second, current density and transcripts of ␣-ENaC were not altered by dexamethasone in the presence of a GR blocker but were stimulated and upregulated in the presence of an MR blocker.
Recently, another class of kinases (WNKs) has been reported to be associated with the regulation of ENaC, with isoform-specific actions. WNK1 activates SGK1 to stimulate ENaC-mediated Na ϩ transport when expressed in Xenopus oocytes and Chinese hamster ovary cells (39, 59) . By contrast, WNK4 decreases Na ϩ currents by accelerating degradation mediated by Nedd4-2 when expressed in Xenopus laevis oocytes (45) . However, when WNK4 is phosphorylated by SGK1, the inhibition of Na ϩ transport is lessened when expressed in BL21(DE3) cells, HEK-293T cells, and X. laevis oocytes (46) . This is the first report to identify the involvement of WNK as a likely Na ϩ transport regulator in the inner ear. All four of these isoforms are expressed in Reissner's membrane. However, only WNK4 mRNA was upregulated after dexamethasone exposure in Reissner's membrane, which suggests that WNK4 may be involved in the dexamethasone-stimulated Na ϩ transport pathway. WNK4 has also been reported to be involved in the regulation of Na ϩ transport mediated by the Na ϩ -Cl Ϫ cotransporter and NKCC1, but transcripts for the Na ϩ -Cl Ϫ cotransporter were not found with the microarray (data not shown), and there was no apparent functional activity of NKCC in our experiments. We therefore propose that Na ϩ transport in Reissner's membrane operates at a reduced rate in the absence of steroid due in part to inhibition by WNK4. Increased expression of SGK1 (and WNK4) in the presence of steroid leads to increased phosphorylated WNK4 and, consequently, increased Na ϩ transport mediated by increased ENaC in the apical membrane.
Physiological and clinical significance. Meniere's disease is a disorder of the auditory and vestibular periphery that is clinically characterized by fluctuating hearing loss with episodic vertigo and tinnitus. A frequent correlate of Meniere's disease is swelling of the luminal compartment of the inner ear (endolymphatic hydrops), which can be due to hypersecretion or hypoabsorption of the luminal fluid, endolymph. Channelopathies of inner ear epithelial cells have been suggested as one important etiology of endolymphatic hydrops (12, 15) , and, in some studies, hypoabsorption of Na ϩ from the endolymph has been reported to be associated with endolymphatic hydrops (36, 48) . Recently, synthetic glucocorticoids, such as dexamethasone and prednisolone, have been used to treat Meniere's disease and have been effective in controlling vertigo in ϳ52-76% of cases (3) . It is tempting to speculate that some cases of Meniere's disease result from increased endolymphatic [Na ϩ ] and volume and that effective treatment by glucocorticoids is a result of increased cochlear Na ϩ absorption by Reissner's membrane.
In conclusion, we demonstrated Na ϩ absorption by mouse Reissner's membrane that is mediated by apical ENaC, basolateral Na ϩ -K ϩ -ATPase, and K ϩ -permeable channels and is under the control of the synthetic glucocorticoid dexamethasone and glucocorticoid regulatory genes such as 11␤-HSD1, SGK1, Nedd4-2, and WNK4. These results provide an understanding and molecular definition of an important transport function of Reissner's membrane epithelium in the homeostasis of Na ϩ in cochlear endolymph.
